Harmful algal blooms (HABs) produce potent neurotoxins that threaten human health. Early life 17 exposure to low levels of the HAB toxin domoic acid (DomA) produces long-lasting behavioral 18 deficits, but the mechanisms involved are unknown. Using zebrafish, we investigated the 19 developmental window of susceptibility to low doses of DomA and examined cellular and 20 molecular targets. Larvae exposed to DomA at 2 days post-fertilization (dpf), but not at 1 or 4 21 dpf, showed consistent deficits in startle behavior including reduced responsiveness and altered 22 31 Domoic acid (DomA) is a potent neurotoxin that is produced by diatoms in the genus Pseudo-32 nitzschia. DomA exerts its toxicity by binding to and activating ionotropic glutamate receptors, 33 particularly the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and kainate 34 (KA) subtypes. 1 Human exposure to DomA occurs primarily through the consumption of 35 contaminated seafood. Acute exposure to high levels of DomA leads to amnesic shellfish 36 poisoning, with symptoms ranging from mild gastrointestinal issues to memory loss, seizures, 37 coma, and death. [2][3][4] To protect adults from these acute effects, regulatory limits of 20 µg DomA 38 per gram of shellfish tissue have been established. 5,6 However, seafood with measurable levels of 39 DomA below these regulatory limits is still widely harvested and consumed. This may have 40 important public health consequences, especially for exposures that occur during embryonic and 41 early postnatal development when animals are often more sensitive to neurotoxicants. 7-9 42
crosses the placenta, making its way into the fetal brain and accumulating in fetal fluids. 13,14 49 Amniotic fluid can serve as a reservoir for DomA, [15] [16] [17] suggesting that fetuses could experience 50 prolonged exposure to DomA following a single maternal exposure. DomA can also be 51 transferred to breast milk. DomA has been measured in the milk of sea lions consuming DomA-52 contaminated prey. 18 In lactating rats injected with DomA, the toxin is detectable in both the 53 maternal plasma and the milk, 21 and persists in the milk much longer than it does in the plasma. 19 54 55 A wide range of lasting behavioral deficits can occur following either prenatal or postnatal 56 exposure to DomA. These behavioral effects occur even at doses that do not lead to overt signs 57 of toxicity either in mothers (in the case of prenatal exposures) or in the pups themselves (for 58 postnatal exposures). Rodents exposed prenatally to DomA exhibit aberrant exploratory 59 behaviors, 20-22 subtle motor coordination deficits, 21 and in some cases deficits in contextual 60 learning. 21,20 Rodents exposed postnatally display seizures when exposed to novel 61 environments, 11, 23 and also have aberrant drug-seeking behaviors as assessed by nicotine place 62 preference tests. 24, 25 63   64 Together, these studies indicate that developmental exposure to DomA leads to lasting 65 behavioral deficits. [20] [21] [22] However, the cellular and molecular mechanisms underlying these 66 deficits are poorly understood. To elucidate these mechanisms, we used zebrafish as a model. 67
Zebrafish have brain structures and sensory-motor pathways that are homologous to those of 68 humans. 26, 27 Furthermore, the transparency of zebrafish embryos and the availability of 69 transgenic lines allow us to directly observe critical cellular processes during early 70 development. [28] [29] [30] [31] Moreover, larval zebrafish have simple behaviors that are driven by well-71 characterized neural circuits and comprised of known cell types, allowing us to link behavior to 72 the underlying structural and cellular targets. 32,33 73 74
The goal of this study was to identify the behavioral, structural, and transcriptional changes from 75 low-dose exposures to DomA during critical periods in early development. Using intravenous 76 microinjection, we were able to deliver single doses at specific developmental times that spanned 77 late embryonic (1 day post fertilization, or dpf) to larval stages (4 dpf). We used the well-78 characterized startle response behavior to identify functional effects from domoic acid toxicity. 79
To assess potential structural changes from exposures, transgenic lines that have fluorescently-80 labeled myelin sheaths were used to assess changes in myelin structures over time. Finally, 81 transcriptional changes resulting from exposures were identified using RNA sequencing. 82
83

RESULTS 84
Developmental exposure to DomA at 2 dpf affects responsiveness to auditory/vibrational 85 stimuli 86
To elucidate the developmental windows of susceptibility to DomA, we established a zebrafish 87 exposure model involving intravenous injection of DomA into embryos or larvae between 1 and 88 4 dpf, and then assessed molecular, cellular, and behavioral endpoints at later times (3-7 dpf) 89 (Materials and Methods; Fig. 1A) . 90 91 by startle response type. Fish exposed to DomA (≥ 0.13 ng) at 1 dpf had reduced bend angles and 123 slower maximal angular velocities, particularly when they performed the LLC startle responses 124 ( Fig. 4 ). These fish also had significant kinematic deficits when performing the SLC responses, 125 but this was primarily in reductions to bend angle rather than slower maximal angular velocities 126 ( Fig. 3 ). Exposures to DomA at 4 dpf did not result in consistent effects on kinematics. For 127 example, fish exposed to 0.18 ng DomA at 4 dpf had significantly reduced bend angles in only 1 128 out of 3 trials (Fig. 3) . Furthermore, the type of kinematic deficits varied across trials. In 1 of the 129 3 trials, fish exposed to 0.18 ng DomA had reduced maximum angular velocities and bend angles 130 with SLC startles but not LLC startles. In another trial, fish exposed to DomA at 0.13 ng had 131 deficits in LLC kinematics but not SLC kinematics ( Fig. 3 and 4) . Thus, while exposures to 132
DomA at all developmental stages tested (1, 2, and 4 dpf) resulted in some kinematic deficits at 133 higher doses, only those at 2 dpf consistently led to kinematic deficits in all trials and across the 134 entire range of doses tested. 135
136
To directly compare the effect of both dose and day of exposure on startle kinematics, we 137 performed a nonparametric multivariate factorial analysis on a subset of trials where fish from 138 the same breeding cohort were exposed to DomA at 1, 2, and 4 dpf. We focused on LLC startles 139 because these responses were shown by the previous analysis to be more sensitive to treatment 140 differences. At the lowest dose of DomA (0.09 ng), startle kinematic parameters were 141 significantly influenced by the interaction between treatment and day of exposure (F(2, 520)= 142 21.6, p =9.6e-10 for bend angle and − F(2, 520)=16.5, p =1.1e-7 for Mav) (Supplemental Fig.  143 3A). Treatment effects from exposure to DomA at 2 dpf were distinct from treatment effects 144 from exposures at 1 or 4 dpf (p < 1e-3). There were no differences in the effects of DomA from 145 exposure at 1 dpf versus 4 dpf, and the kinematics were not significantly different between 146 DomA-exposed fish and their respective controls at these two exposure times. Thus, at the lowest 147 doses of DomA (0.09 ng), exposure at 2 dpf led to distinct kinematic deficits that were not found 148 at 1 or 4 dpf. 149 150 With exposure to the intermediate doses of DomA (0.13-0.14 ng), the interaction between 151 treatment and day of exposure remained significant for both bend angle (F(2, 474)=23.0 , 152 p=2.96e-10) and maximal angular velocity (F(2, 474)=19.9 , p=4.84e-9) (Supplemental Fig. 3B ). 153
Similar to the results with the lowest dose of DomA, exposure to 0.13 ng DomA at 2 dpf led to 154 significant kinematic deficits relative to exposures at 1 and at 4 dpf (p < 1e-5). Additionally, fish 155 exposed to intermediate doses of DomA at 1 dpf had reduced bend angles and maximum angular 156 velocities, but these deficits were less pronounced compared to those following exposure at 2 dpf 157 (bend angle comparison estimate between 1 dpf -2 dpf = -140.9 (p = 4.35e-6); maximal angular 158 velocity comparison estimate = -147.92 (p = 1.57e-6)). 159 160 DomA exposure at 2 dpf disrupts myelination in the spinal cord 161
These startle response deficits could arise from myelin defects. Proper myelination is critical for 162 rapid startle responses, and mutations that disrupt myelin structure cause reduced angular 163 velocities, shallower bend angles, and increased latencies of startle. 34 To determine whether 164 disrupted myelination underlies the DomA-induced deficits in startle response, we exposed fish 165 with labelled myelin sheaths (Tg(mbp:EGFP-CAAX) 35 ) to a range of DomA doses and then 166 assessed myelination during the larval stages ( Fig. 5A ). 167 168 Exposed fish were imaged at 5 dpf using confocal microscopy (Fig. 5B ). The severity of myelin 169 defects was scored blindly on the scale of 0-4 ( Fig. 5D and Supplemental Fig. 4 ). Exposure to 170 DomA caused myelin sheath defects, the prevalence and severity of which were influenced by 171 day of exposure ( Fig. 5C ,D). Fish exposed to DomA at 1 dpf had no visible myelin defects (n= 172 31). In contrast, 32% of fish exposed at 1.5 dpf had visible myelin defects (n = 11 out of 34). 173
Defects included the overall reduction in labeled myelin, along with the appearance of unusual 174 circular membranes (Fig. 5B ). The majority of fish (91%) exposed at 2 dpf showed myelin 175 defects (n =96 out of 106). The prevalence of these defects remained high for fish exposed at 2.5 176 dpf, with 35 out of 40 (88%) exhibiting a myelin defect. However, these myelin phenotypes were 177 less severe, with 2.5 dpf-exposed larvae having milder myelin sheath defects compared to those 178 exposed to 2 dpf. In comparison, very few fish exposed to DomA at 4 dpf had disrupted myelin 179 sheaths (n= 2 out of 46). 180
181
Confocal imaging data suggested that fish exposed at 2 dpf had more severe and more prevalent 182 myelin defects compared to those exposed to DomA at other developmental periods. To confirm 183 this, we performed additional experiments in which fish were exposed to DomA (at various 184 doses and times) and then imaged at 5 dpf using widefield epifluorescence microcopy ( Fig. 6) . 185
This provided the increased throughput to statistically model the effects of DomA dose and the 186 timing of exposure on the distribution and prevalence of the observed myelin sheath defects. 187
188
To determine whether the day of exposure influenced the appearance and prevalence of myelin 189 defects, we performed a pairwise ANOVA test to compare an initial model, with only DomA 190 dose as the predictor, to an alternative model with both dose and day of exposure as predictors. 191
Incorporating the day of exposure significantly improved its predictive power (p < 1e-16), 192
indicating that timing of DomA exposure influenced myelin deficits. 193
194
We then determined whether DomA exposures that occurred during particular periods in 195 development led to a higher prevalence of specific myelin defects. We found that the odds of fish 196 exhibiting phenotypes from category 1-4 were higher when exposures occurred at 2, 2.5, and 3 197 dpf relative to exposures that occurred at 1 dpf ( Supplemental Table 22 , p < 1e-7 for 2 dpf 198 exposed). Of these time periods, exposures at 2 dpf had the highest odds of having fish with 199 these myelin defects. 200
201
To determine whether these myelin phenotypes observed at 5 dpf persist, fish were also imaged 202 at 6 and 7 dpf ( Fig. 7 ). Similar to imaging at 5 dpf, fish exposed to DomA at 2 dpf and then 203 imaged at 6 or 7 dpf had a significantly higher incidence of myelin defects compared to control 204 fish. Furthermore, the higher the dose of DomA (delivered at 2 dpf), the more likely it was for 205 the fish to exhibit all of the myelin phenotypes observed ( Fig. 7A and 7B ). These results indicate 206 that DomA exposure, particularly at 2 dpf, leads to myelin defects that persist for at least seven 207 days after exposure. 208
209 Time-lapse imaging shows that domoic acid perturbs the initial stages of myelin sheath 210 formation 211
We observed very few myelination defects or behavioral phenotypes in larvae exposed to DomA 212 at 4 dpf, a time point after the onset of myelination. This suggests that DomA does not affect 213 established sheaths, but rather may perturb the formation of nascent myelin. DomA-exposed fish 214 have perturbed myelin sheaths by 3 dpf (the earliest development period at which myelin sheaths 215 are established) ( Fig. 8A ). To directly visualize the initial stages of myelin sheath formation, we 216 performed time-lapse imaging in double transgenic fish (Tg:sox10:RFP; Tg:nkx2.2a:mEGFP), in 217 which cells of the oligodendrocyte lineage-the cells responsible for myelination in the central 218 nervous system-are labeled. Imaging the axon wrapping and nascent myelin sheath formation 219 from 2.5-3 dpf confirmed that oligodendrocytes in DomA-exposed larvae were unable to form 220 elongated sheaths, but rather formed unusual circular membranes (n=5 for controls, n= 6 for 221 DomA exposed larvae) ( Fig. 8B , Supplemental Video 2, 3). 222 223
Domoic acid exposure alters expression of genes involved in axonal growth and myelination 224
To identify the gene expression changes that accompany the myelination and startle deficits, 225 whole-embryo RNAseq was performed on embryos exposed to 0.14 ng DomA at 2 dpf and then 226 sampled at 3 and 7 dpf ( Fig. 9A ). 227
228
RNA sequencing yielded an average of 21 million raw reads per sample. Of these, 77.6% were 229 uniquely mapped to the zebrafish genome. A multidimensional scaling (MDS) plot revealed 230 clustering by both developmental stage (3 dpf vs. 7 dpf) and breeding clutch (3 breeding trios) 231 ( Fig. 9B ). This indicates that the differences in gene expression were driven primarily by 232 developmental stage and breeding clutch. However, a number of genes were identified as being 233 differentially expressed in response to DomA. 234 235 Statistical analysis revealed differential expression of 82 genes at 3 dpf (28 hours post exposure), 236 and 10 genes at 7 dpf in DomA-exposed fish versus controls ( Fig. 9 C, D). Among the 82 genes 237 differentially expressed at 3 dpf, 51 genes were down-regulated and 31 were up-regulated in 238 DomA-exposed larvae as compared to controls. 239 240 Pathway analysis of the differentially expressed genes (DEGs; DomA vs. control) indicated an 241 overrepresentation of the GO biological process terms protein depolarization and microtubule 242 depolarization. The genes represented under these GO terms include genes in the stathmin 243 family. Two out of three stathmin genes were up-regulated, and one was down-regulated in 244 DomA-exposed fish. 245 246 Significant human phenology phenotypes associated with the down-regulated genes included 247 peripheral axonal degeneration, segmental peripheral demyelination/remyelination, and myelin 248 outfoldings. Several genes required for the maintenance of axonal and myelin structure (neflb, 249 nefmb, nefma, nefla, mpba, mpz) were downregulated in DomA-exposed fish relative to controls, 250 and were overrepresented in the human phenology phenotypes (Fig.10 ). There were no human 251 phenology phenotypes associated with up-regulated genes. 252 253 At 7 dpf, there were only ten DEGs, with 9 down-regulated and 1 up-regulated in DomA-254 exposed fish relative to the controls (Fig. 9D ). Comparison of DEGs from 3 and 7 dpf revealed 4 255 out of the 10 genes to be common to both the time points. Among these, 3 were down-regulated 256 and 1 was up-regulated, with only 2 being annotated. Two of the three shared down-regulated 257 genes were neurofilament genes required for maintaining axonal integrity (nefmb and neflb). were also those that resulted in high mortality rates and lasting neurotoxic symptoms. To build 274 on this work, we used a novel exposure method in which DomA was delivered intravenously at 275 different periods in development -from the embryonic to the larval stages. Using this method, 276
we were able to find a window of susceptibility for low doses of DomA (nominal doses 3-to 277 260-fold lower than those used previously) at which structural and behavioral effects occurred 278 with no appreciable mortality and minimal gross morphological defects. In particular, the period 279 around 2 dpf was identified as the window of susceptibility for nominal doses of DomA that 280 ranged from 0.09-0.14 ng per embryo. 281
282
Startle response deficits are dependent on dose and timing of exposure 283
Startle response behavior was used as a functional read out of developmental neurotoxicity. Fish 284 exposed to DomA at 2 dpf (but not 1 and 4 dpf) had aberrant startle behavior at all doses tested 285 (0.09-0.18 ng). In particular, fish exposed to DomA at 2 dpf had reduced responsiveness, 286 increased latency, slower maximal angular velocities, and lower bend angles relative to controls 287 (Figs. 2-4). This suggests that there is a window of susceptibility to low-dose (< 0.18 ng) DomA 288 exposure at around 2 dpf that leads to a functional change in behavior. 289 290 Exposure to DomA at 2 dpf disrupts myelin formation 291 Similar to the behavioral results, only fish exposed at 2 dpf (but not 1 or 4 dpf) showed 292 consistent defects in myelination within the spinal cord (Figs. 5B,C, 6B). DomA-exposed larvae 293 had an overall reduction in labeled myelin, along with the appearance of unusual circular 294 membranes (Figs. 5B, 6B). These deficits were visible as early as 3 dpf, when nascent myelin 295 sheaths are present (Fig. 8 ), and persisted until at least 7 dpf, indicating that initial formation of 296 myelin is perturbed and does not recover within 4 days post-exposure ( Fig. 7) . 297
298
The window of susceptibility to DomA corresponds to the critical period for 299 oligodendrocyte development 300
It is possible that 2 dpf is the window of susceptibility because DomA perturbs specific 301 developmental processes that occur within this time period. While most of the early neurons 302 have already differentiated by 2 dpf, the oligodendrocyte lineage -the lineage that myelinates 303 axons in the central nervous system -is just beginning to migrate and differentiate during this 304 period. 38, 39 DomA exposure at 2 dpf may perturb critical processes in oligodendrocyte 305 development, leading to the observed disrupted myelination. 306 307 Both myelinating oligodendrocytes and their precursors express functional ionotropic glutamate 308 receptors, making them potential cellular targets for DomA. 40, 41 Previous studies have shown that 309 kainate, a structural analog of DomA, causes cell death in oligodendrocyte primary cell cultures, 310 at concentrations comparable to those affecting neurons. [42] [43] [44] [45] Binding to and activating AMPA 311 receptors inhibits the proliferation and differentiation of oligodendrocyte precursor cells into 312 mature oligodendrocytes in vitro. 46, 47 Mature oligodendrocytes have also been shown to undergo 313 demyelination after chronic direct infusion of kainate on the optic nerves. 48 All of this suggests 314 that DomA may alter oligodendrocyte development, and that exposure to DomA at 2 dpf may 315 disrupt critical processes important for OPC proliferation, differentiation, or myelin sheath 316 formation. 317
318
Only one previous study has assessed myelin following developmental exposure to DomA. 319
Eleven week-old juvenile mice exposed in utero during gestational days 11.5 and 14.5, but not 320 17.5, had a reduced staining for the myelin-associated glycoprotein (MAG) in their cerebral 321 cortices. 20 This suggests that there may be periods in early development that are more sensitive 322 to exposure to DomA, leading to these myelination deficits. Indeed, it is possible that sensitivity 323 at the early periods is due to disruptions in oligodendrocyte development, thereby altering their 324 ability to form myelin sheaths during the postnatal period. 49,50 Our findings extend this work by 325 identifying altered myelination in the spinal cord and revealing that DomA does not disrupt 326 already established myelin sheaths but rather perturbs the initial formation of the sheaths during 327 a specific window in development. Consistent with this, we saw very few myelin defects when 328
DomA exposure occurred at 4 dpf -a time point after nascent myelin has been established (see 329 below). 330 331
Extrinsic factors that may influence the critical window for DomA toxicity 332
In zebrafish, 4 dpf is a time period at which myelin sheaths are already established. The absence 333 of a myelin phenotype following exposures at 4 dpf suggests that DomA, at least at the doses 334 used here, may not disrupt already established sheaths but rather may perturb the initial 335 formation of myelin sheaths. Time-lapse imaging of the initial stages of axon wrapping and 336 nascent myelination (from 2.5-3 dpf), provides additional evidence that DomA affects the ability 337 of oligodendrocytes to initially wrap axons and form elongated myelin sheaths ( Fig. 8B) . 338
339
In addition to the intrinsic sensitivity of developing oligodendrocytes, it is likely that the 2 dpf 340 window of susceptibility is also influenced by extrinsic factors that affect the distribution and 341 availability of DomA to the cells and tissues of interest. One process that may influence DomA 342 availability in the central nervous system is the development of the blood-brain barrier (BBB) − 343 a structure that separates the blood from the brain parenchyma. 51 The BBB is composed of tight 344 junctions between endothelial cells that seal the intercellular cleft and prevent the diffusion of 345 water-soluble molecules. [52] [53] [54] As the BBB forms between 3-10 dpf, it progressively excludes 346 smaller molecules over time. Thus, DomA may be excluded from the central nervous system to a 347 greater degree during developmental periods past 2 dpf as the BBB matures. 
Transcriptional changes suggest defects in axon and myelin structures 357
RNAseq analysis identified genes and pathways that were consistent with the imaging and 358 behavioral data. DomA exposure down-regulated genes required for maintaining myelin 359 structure, including myelin protein zero (mpz) and (mbpa), along with genes required for 360 maintaining axonal structure (nefla, neflab, nefma, nefmb) ( Fig. 10 ). Thus, it is possible that 361 DomA may be primarily targeting axons, and that the myelination defects may be a secondary 362 effect. Alternatively, DomA may perturb oligodendrocyte development and myelin wrapping, 363 leading to later axonal dysfunction. Further work is underway to investigate the potential axonal 364 targets of DomA toxicity and to assess the contribution of the axonal disruptions to the myelin 365 sheath phenotypes that we characterized here. 60 366 367 RNAseq data show an increase in glial fibrillary acidic protein (gfap) expression following 368 exposure to DomA. gfap is an intermediate filament protein whose upregulation in mammals is a 369 hallmark of reactive gliosis -the response of glial cells following mechanical injury, 370 excitotoxicity, or ischemia. 61, 62 In zebrafish, gfap expression is delayed following mechanical 371 injury, and is expressed during the proliferation and recovery stages. [63] [64] [65] The upregulation of 372 gfap at 3 dpf suggests that exposure to DomA at 2 dpf may lead to injury and trigger repair 373 mechanisms associated with increased gfap expression. 374
375
In addition, stathmin genes were overrepresented in our dataset. Stathmins destabilize 376 microtubules by sequestering free tubulin. They are highly expressed in the developing nervous 377 system and play critical roles in modulating neurite outgrowth and branching. 66, 67 It has been 378 shown that the dysregulation of different stathmin genes (either through down-or up-regulation) 379
can lead to alterations in microtubule density and axonal integrity. 67-69 380 381
Implications for human health 382
Timing and targets. This study provides a careful examination of potential windows of 383 susceptibility to DomA exposure. The identification of key processes disrupted during these 384 windows of susceptibility has important implications for identifying hazards for early 385 developmental exposures in humans. Unlike in zebrafish, myelination in humans occurs over a 386 prolonged period, starting in utero and continuing into early childhood and adolescence. The 387 progression of myelination is mostly conserved across species, with myelination commencing in 388 the periphery, brainstem, and spinal cord, then progressing rostrally to the forebrain. 70, 71 The 389 most widespread and rapid period of myelination in humans occurs within the first two years of 390 infancy. 72, 73 While most of the major tracts are myelinated by 3-5 years of age, myelination is 391 now known to continue into adulthood, especially in cortical regions where changes in 392 myelination are associated with experience and learning new skills. 74,75 Thus, for humans, there 393 may not be a single window of susceptibility, but rather multiple windows; domoic acid may 394 perturb myelin formation in specific regions of the nervous system in which myelination 395 coincides with the timing of exposures. 396
397
In this study, we showed that myelination was perturbed in the spinal cord -an understudied 398 target tissue for domoic acid toxicity. Only one other study in rodents has investigated the spinal 399 cord as a target tissue for DomA exposures. Wang et al. (2000) found that postnatal exposures to 400 high doses of DomA led to spinal cord lesions by 2 hours post exposure, even in the absence of 401 any histological damage to selected brain regions, including the well-known target, the 402 hippocampus. 76 Our study confirms the spinal cord as a potential target, and identifies 403 myelination as the process perturbed in the spinal cord. 404
405
Behavioral analogies. We used startle response behavior as a functional readout of 406 neurodevelopmental toxicity. Deficits in the kinematics of startle responses are reminiscent of 407 motor deficits found in incidental human exposures, chronic exposures in primates, and 408 developmental exposures in rodents. Adult humans acutely exposed to DomA developed 409 sensorimotor neuropathy and axonopathy as assessed by electromyography. 77 A subset of the 410 primates exposed orally at or near the accepted daily tolerable dose of 0.075 mg/kg developed 411 visible hand tremors. 78 Rodents prenatally exposed to DomA (PND 10-17) developed aberrant 412 gait patterns including impaired interlimb coordination and aberrant step sequence patterns. 21 413 414 While there is evidence that DomA can perturb motor function, developmental exposures to 415 DomA in rodents have not led to reductions in startle response amplitude during baseline 416 conditions (prior to habituation or pre-pulse inhibition tests). 21,79-81 This may be because 417 exposures to DomA in these rodent models were done during a period that does not correspond 418 to development of the startle circuit. Furthermore, there are some notable differences between 419 rodent and fish startle, including distinct baseline startle kinematics and variations in the specific 420 neuronal subsets in the circuits. 82-84 Despite these differences, measuring startle response 421 behavior in fish provides a tool to assess sensory processing and motor control and how these 422 processes are perturbed by toxin exposure. 423 424 Doses and toxicokinetics. In all previous studies involving developmental exposure to DomA, 425 'low doses' have been defined based on the absence of acute neurotoxic symptoms, rather than 426 by a specific dose. 'Low doses' are those that do not lead to classic acute symptoms that include 427 tremors, scratching, and convulsions either in mothers (prenatal exposures) or in the pups 428 directly exposed to DomA (postnatal exposures). While our study used nominal doses that were 429 3-to 260-fold lower than those used previously in zebrafish, these doses still led to transient 430 neurotoxic effects in embryos. However, when directly comparing the weight-normalized 431 amount of DomA, these doses are comparable to those used in the majority of the postnatal 432 rodent studies. 11,23,79,80,85-88 Assuming a 1.4 mg wet weight per embryo, 36 the dosages at which 433 embryos consistently exhibited myelin defects and behavioral deficits were 0.06-0.10 mg/kg 434 DomA. In comparison, rodents who showed behavioral deficits following postnatal exposure 435 were dosed subcutaneously with 7 injections of 0.005 and 0.020 mg/kg DomA between PND 8-436 14, leading to a comparable cumulative DomA dosage of 0.035-0.14 mg/kg. 437
438
The main challenge for translating findings in animal models to humans is the dearth of human 439 exposure and toxicokinetic data. Human exposures to DomA are only estimated from 440 consumption data, average weights of adults, and measured DomA concentrations in shellfish. 441 Furthermore, the toxicokinetic behavior of DomA in humans is not well known. However, work 442 in nonhuman primates shows that oral exposures to DomA lead to extended half-lives (almost 443 10x the length of the half-life following intravenous exposures). 89 Furthermore, chronic exposure 444 at or near the recognized tolerable daily intake level (0.075 and 0.150 mg/kg) leads to persistent 445 hand tremors and disruptions to whole-brain connectivity. 78 446 447 Even less information exists about the elimination and distribution in DomA in fetuses when 448 mothers are exposed to DomA. One study in rodents showed that at one hour following 449 intravenous injection of Dom A at GD13, the same concentrations of DomA were found in fetal 450 brains, amniotic fluid, and maternal brains. 13 This suggests that earlier in development there are 451 no barriers for DomA entry to the fetal brain and that DomA in the fetal brain reaches DomA is a well-known developmental neurotoxin. However, few studies have been able to 460 identify the cellular and molecular processes that underlie the observed behavioral deficits seen 461 following developmental exposures. Using zebrafish, we were able to deliver DomA at specific 462 developmental times and link behavioral deficits to structural changes in the neural circuit 463 required for the behavior. The results from this study show that there is a critical window of 464 susceptibility to DomA, and that exposure leads to altered expression of key axonal and myelin 465 structural genes, disruptions to myelination, and later perturbations to startle behavior. These Table 1 includes the developmental time  511 ranges for each injection category. To perform intravenous microinjections, fish were 512 dechorionated, anesthetized with tricaine methanesulfonate (MS222) (0.16%) then placed 513 laterally on dishes coated with 1.5% agarose. An injection was deemed successful if there was a 514 visible displacement of blood cells. Following injections, zebrafish were placed back in clean 515 embryo media and monitored daily. 516 517
Assessment of gross morphological defects and acute neurological phenotypes 518
Subsets of fish were imaged using brightfield microscopy to visualize potential gross 519 morphological defects. The presence or absence of the swim bladder was scored blindly and then 520 percentage was quantified for fish exposed to DomA at different doses and during different 521 developmental stages. Images were white balance-corrected using Adobe Photoshop. 522
523
In a subset of the experiments, fish were kept individually in 48-well plates for phenotypic 524 observation. Any mortalities, presence or absence of convulsions, pectoral flapping, and touch 525 responses were recorded daily from the day after exposure to 5 dpf. Larvae were considered 526 convulsing when whole body contractions were observed. Pectoral fin flapping was scored when 527 larvae continued to rapidly move pectoral fins even when the fish were not actively swimming or 528 attempting to right themselves. Touch responses were assessed using a tactile stimulus produced 529 by an 'embryo poker' -a piece of fishing line (0.41 mm diameter) glued to a glass pipette tip. 530
Larvae were identified as having no touch response when they were unable to perform body 531 bends and swim away following tactile stimulation. 532
533
Modeling the prevalence of neurotoxic phenotypes by dose, day of exposure, and day of 534
observation. 535
Following daily observation, generalized estimating equations (GEE) were used to model the 536 effects of both DomA dose (as a continuous factor) and the number of days post-exposure 537 (categorical factor) on the presence of acute neurological phenotypes (convulsions, pectoral 538 flapping, and the lack of touch responses) (gee(), geepack R package). 49 Observations of the 539 same fish over multiple days were treated as repeated measures and were clustered by the "id" 540 term. Separate GEE models were created for exposure to DomA at two developmental periods (1 541 and 2 dpf). 542 543 There were only single observations for fish exposed at 4 dpf (observed at 5 dpf) . To determine 544 whether DomA dose alters the presence of neurotoxic phenotypes one day post-exposure, a 545 generalized linear model was formulated containing the different doses as predictors, and the 546 presence of phenotypes as the response. To account for variability amongst trials, dispersion was 547 estimated using the quasibinomial link function rather than the binomial one. 548 549
Startle behavior set-up 550
The custom-built startle behavior set-up is shown in Fig 1B. The system includes a speaker 551 (Visaton BG20-8 8" Full-Range Speaker with Whizzer Cone, #292-548) connected to an 552 amplifier (100W TDA7498 Class-D Amplifier Board, #320-303) which serves as a source of 553 auditory/vibrational stimuli. A hollow cylinder with a flat base was 3D printed and glued to the 554 center of the speaker. This served as a platform to rest the plate that contained the fish (radius= 555 50 mm, height = 50mm). A 16-well acrylic plate (4.83 x 4.83 cm) was then designed to contain 556 16 larvae individually. This plate was based on a design from Wolman et al. (2011) that was 557 comprised of laser cut acrylic pieces that were fused together using acrylic cement (Weld-On #3; 558 IPS). 94 559 560
The intensity and frequency of the auditory/vibrational stimuli were controlled using a pulse 561 generator (PulsePal, Sansworks). Stimuli were coded to deliver 3 millisecond pulses of 1000 Hz 562 frequency. 563 564 Groups of 16 larvae (7 dpf) were given 7 identical stimuli (41 dB) that were spaced 20 seconds 565 apart to prevent habituation. 94 A high-speed video camera (Edgertronic) was set at a 10% pre-566 trigger rate to capture 13 frames prior to the stimulus being elicited, while recording larval 567 movements at 1000 frames per second. The Euclidian norm (vector sum) for the three acceleration signals was calculated to get the total 577 acceleration. Individual peaks were identified, and metrics were calculated for the time window 578 between 9 milliseconds prior to the peak to 50 ms after. The maximum value (peak) during each 579 time window was taken as the zero to peak acceleration value for a given impulse, and this value 580 was converted to dB using the following equation: 581 ! "#$% = 20 * log -. (0) 582
Where Lz-pk is the zero-to-peak acceleration level in dB re 1 m/s 2 , and x is the maximum 583 acceleration level (of the Euclidian norm) over the peak analysis window. 584 585
Startle behavioral analysis 586
High speed videos were converted into jpegs (.mov files with a minimal resolution of 720x720, 587 1/1008 shutter speed and a frame rate of 1000 frames/second). To reduce the noise and tracking 588 errors, the background was subtracted, and the image contrast was enhanced using a custom 589 script in MATLAB. FLOTE software 95 was then used to analyze the jpegs. Quantitative 
Identifying SLC versus LLC responses using mixture models 606
For all the fish that did respond, their startle responses were classified as either short latency c-607 bends (SLCs) or long latency c-bends (LLCs) based on an empirically determined latency cut-608 off. Latency cut-offs have been known to vary based on environmental conditions such as 609 temperature. 95 To empirically determine the cut-offs, clustering was done using a Gaussian 610 mixture model, which fits two Gaussian distributions, and assigns each latency data point a 611 probability of belonging to either of the two distributions (R package, mixtools). 98 The cut-off 612 for assigning a response as a SLC was 13 milliseconds -the latency with a greater than 50% 613 probability of belonging to the first fitted Gaussian distribution (Supplemental Fig. 2) . Startle 614 responses that had latencies greater than 13 milliseconds were classified as LLCs. 615 616
Analysis of treatment differences in startle response kinematics 617
There were several instances when individual fish performed a combination of LLC and SLC 618 responses over the 7 replicate stimuli. For fish that did respond, their startle responses were 619 classified as either SLCs (≤ 13 milliseconds) or LLCs (> 13 milliseconds). Kinematic responses 620 from the two types of startle responses (SLC v. LLC) were analyzed separately based on 621 previous research that shows they are driven by different neural circuits and have distinct 622 kinematic characteristics. 95,99,100 Following this classification, the median response of individual 623 fish for each startle type was then used to identity treatment-specific differences in kinematics. 624
625
We first checked for normality and variance homogeneity in the data being analyzed. We used 626
the Bartlett test to test for homogeneity in variances (bartlett.test(), R), and the Shapiro-Wilk's 627 method to test for normality (shapiro.test(), R). Kinematic data (bend angle, maximum angular 628 velocity) showed departures from normality and had unequal variances. To account for this, we 629 used nonparametric tests to determine whether fish exposed to various doses of DomA at 630 different developmental periods had altered bend angles and maximal angular velocities. 631 632 Kinematic data from fish exposed to DomA at different development days were analyzed 633 separately. For trials that contained a single dose of DomA, nonparametric Behrens-Fisher t-tests 634 were used to test the alternative hypothesis that kinematics of fish exposed to DomA were 635 different from their control counterparts (npar.t.test(), nparcomp package, R). 101 With trials that 636 contained multiple doses, nonparametric analyses with Dunnett-type intervals were done to 637 compare each of the doses to the control (nparcomp(), nonparam package, R). 101 638 639 Functions in the nparcomp package estimate the relative effects, which range from 0 to 1. Under 640 the null hypothesis, the relative effect size is 0.5 -which represents a 50% probability (an equal 641 probability) that the treated fish has a value greater than the control fish. The closer the estimated 642 relative effect is to 1, the higher the probability that the measured kinematics in the treated group 643 has a larger value than the control. In contrast, the closer the estimated relative effect is to 0, the 644 higher the probability that the measured kinematic parameter in the treated group has a smaller 645 value than the control. 646 647
Startle kinematic analysis for interaction effects between dose and day of exposure 648
We then directly tested whether exposures that occurred on distinct developmental days 649 influenced startle kinematics differently -in other words, if there is an interaction between dose 650 and day injected. To examine this, we analyzed the subset of trials that had fish that were 651 collected from the same breeding cohort at day 0 and then exposed to DomA at different 652 developmental days (1, 2, or 4 dpf). Aligned Ranked Transformed ANOVA tests were done to 653 determine whether there was an interaction between dose (0 versus 0.09 ng, or in a separate 654 analysis, 0 versus 0.13 ng DomA) and day of exposure (1, 2, or 4 dpf) on startle kinematics 655 (art(), ARTool R package). 102 Difference-of-difference contrasts were then done to determine 656 whether day of exposure affected treatment differences in kinematics (testContrasts(), Phia R 657 package). 103 Through this, we addressed questions such as, "is the difference in kinematics 658 between control fish and those exposed at 2 dpf significant compared to the difference in 659 kinematics between DomA and control fish when they are exposed at 1 or 4 dpf?" 660 661
Fluorescence microscopy 662 Larvae were anesthetized in tricaine methanesulfonate (MS222) (0.16%), mounted laterally, and 663 then imaged using either widefield epifluorescence microscopy or confocal microscopy. For 664 images collected on the confocal microscope, fish were anesthetized and mounted laterally in 665 1.5% low melt agarose within glass bottom microscopy dishes (Nunc Glass bottom dishes 666 27mm). 'Embryo pokers' were used to orient the embryos onto their sides. Once the embryos 667 were oriented correctly, the agarose was allowed to harden, and the microscopy dish was flooded 668 with MS222. Fish were then imaged using the confocal microscope (Zeiss LSM-710 and LSM-669 780) with the 40x water objective (Zeiss C-Apochromat, NA= 1.1). Images were taken along the 670 anterior spinal cord in the region around the 5 th and 10 th somites. 671 672 For images collected on the widefield epifluorescence microscope, a subset of fish were laterally 673 mounted using 1.5% agarose. To allow for more rapid imaging of larvae, most larvae were 674 oriented into custom-made acrylic molds that contained narrow channels where anesthetized 675 larvae were positioned laterally using the embryo poker. Fish were imaged using the Zeiss 676 inverted epifluorescence microscope with either a 20x (Fluar, NA = 0.75) or 10x (Fluar, NA = 677 0.5) objective. Images were taken along the anterior to medial spinal cord between somites 5-15. 678 679
Analysis of the prevalence and severity of myelin phenotypes by dose and day of exposure 680
Tg(mbp:EGFP-CAAX) is a stable line in which EGFP is localized to cell membranes including 681 myelin sheaths. We exposed Tg(mbp:EGFP-CAAX) fish to different doses of DomA at select 682 developmental times and then imaged their spinal cords. Images were classified qualitatively into 683 categories 0 through 5 based on severity in the myelin defect observed (Supplemental Fig. 4) . Multinomial models were constructed to identify the effects of increasing doses of DomA on the 698 distribution of these myelin phenotypes. To accomplish this, we used imaging data from fish 699 exposed to varying doses of DomA at 2 dpf. 700 701 Time-lapse microscopy 702 Embryos were exposed to DomA at 2 dpf, anesthetized, and mounted in 1.5% low melt agarose 703 at around 2.25 dpf. Images were acquired on the LSM710 using the 20x dry (Plan-Apochromat 704 20x/0.8) objective. Z-stacks were acquired every 13-17 minutes over the course of 12-13 hours. 705
For each embryo observed, maximum intensity projections of the z-stacks were then generated 706 and compiled over time to generate the movie file (ZEN blue, ZEN black imaging software, 707
Zeiss Microscopy). 708 709 Experimental design for RNASeq 710 Three individual breeding tanks were set up with two males and one female per tank. Embryos 711 collected from each tank were split so that some were injected with DomA (0.14 ng) and others 712 with the saline vehicle control. Embryos were exposed to either the saline vehicle or to 0.14 ng 713 of DomA at 2 dpf (between 48.5-51 hpf), then placed into 48-well plates for daily observation. 714
Pools of 6 embryos from each of the three breeding sets were collected for RNAsequencing (n=3 715 per treatment) at 3 dpf (76 hpf). The remaining fish were used for imaging myelin at 5 dpf and 716 for assessing startle behavior at 7 dpf (see below). At the end of the behavioral trial, a subset of 717 the fish was snap frozen at 7 dpf (124 hpf) for RNA sequencing. 718
719
To ensure effectiveness of the exposure, a subset of exposed fish were imaged to visualize 720 myelin structure at 5 dpf and then subjected to behavioral tests (startle response) at 7 dpf. 721
Consistent with other experimental trials, there were differences in behavior and myelin labeling 722 between DomA-exposed fish and controls (Supplemental Fig. 5 ). Fish exposed to DomA at 2 dpf 723 had shorter bend angles and slower angular velocities relative to controls (Supplemental Fig. 5A  724 and B). Also consistent with other experimental trials, only DomA-exposed larvae showed any 725 visible myelin defects, with most of the fish having myelin defects that were in the second to 726 highest severity (Category 3 = 21/ 49, Supplemental Fig. 5C ). Phenotypic analysis thus validated 727 the use of RNAseq to identify potential transcriptional changes from exposures. 728
729
RNA Isolation and sequencing 730
RNA was isolated using the Zymo Direct-Zol kit (Catlog # R2062) and quantified using 731 Nanodrop spectrophotometer. RNA quality was checked using the Bioanalyzer (Agilent 732 technologies, CA) at the Harvard Biopolymers Facility, Cambridge, MA. RNA integrity number 733 (RIN) of the samples was 8.2 or higher. Library preparation for single stranded RNAseq was 734 done using the Illumina TruSeq total RNA library kit. Single-end 50 base pair sequencing was 735 done on Illumina HiSeq2000 platform. Both library preparation and sequencing was performed 736 at the Tufts University Core Facility (Boston, MA). Raw data files were assessed for quality 737 using FastQC. 106 Adapter trimming was done using Trimmomatic. 107 Trimmed reads were 738 aligned to the genome (GRCz10, version 84) using STAR aligner. 107,108 HTSeq-count was used 739 to count the number of reads mapped to the annotated regions of the genome. 109 Differential gene 740 expression (DGE) analysis was done using Bioconductor package, edgeR, following the DGE 741 analysis pipeline outlined by Chen et al 2016. 110, 111 Raw and processed data files were deposited 742 in NCBI Gene Expression Omnibus database (Accession number # GSE140045). 743 744 DGE analysis involved filtering genes with read counts less than 10/n, where n is the minimal 745 library size, and then normalizing read counts. Negative binomial models were used to account 746 for gene-specific variability from biological and technical sources. Multi-dimensional scaling 747 plots were used to visualize the leading fold-changes (largest 500 log2 fold changes) between 748 pairs of samples. False discovery rate of 5% (Benjamini-Hochberg method) was used as a 749 statistical cutoff for identifying differentially expressed genes. Gene annotation was done using 750
BioMart with the latest genome (GRCz11), and only annotated genes were used in pathway 751 analysis. gProfiler was then used to identify enriched Gene Ontology (GO) terms and human 752 phenology phenotypes. 112 Table 11, Table 13 Table 14, Table 16 797 Table 11 , 14 and 16 contains the results from the statistical analysis for 2 dpf, 1 dpf and 4 dpf injected 798 fish. Table 13 includes medians and interquartile ranges for 2 dpf injected fish. Table 12, Table 13 , Table 15, Table 17 809 Table 12 , 15, and 17 contains the results from the statistical analysis for 2 dpf, 1 dpf and 4 dpf injected 810 fish. Table 13 includes medians and interquartile ranges for 2 dpf injected fish. Table 18 821 Table 18 includes Table 19, Table 22 , Table 23 831 Table 19 includes the number of trials represented along with the associated numbers of fish per trial. 832 Table 22 contains the output of the multinomial logistic regression model to assess the role of 833 developmental day of exposure on the distribution of myelin phenotypes. 834 Table 23 contains Table 20, Table 21, Table 23 844 Table 20 and 21 contains the number of trials and associated numbers of fish per trial for 6 dpf ( Figure   845 7A) and 7 dpf injected fish ( Figure 7B) . Table 23 
861
(A) Experimental design. Tanks of 3 adult fish of (2 females, 1 male) Tg(mbp:EGFP-CAAX) background 862 were bred and exposed to DomA or vehicle at 2 dpf. Pools of 6 embryos within a given treatment from 863 each tank were then sampled at 3 dpf and 7 dpf for RNAsequencing. For functional analyses, myelin 864 sheath labeling was assessed at 5 dpf and startle response was assessed at 7 dpf prior to RNAsequencing. 2.5 dpf 2 dpf 1.5 dpf 1 dpf day exposed Figure 6 : Exposure to domoic acid between 2-2.5 dpf alters myelin sheaths at 5 dpf. (A) Tg(mbp:EGFP-CAAX) fish were exposed DomA (0.09-0.18 ng) over a range of discrete developmental periods (1-4 dpf), then imaged at 5 dpf using widefield epifluorescence microscopy. Images were blindly classified into 6 categories based on severity of the observed myelin phenotype. Arrows indicate the myelinated Mauthner axon that is required for SLC startle responses. Table 19 , Table 22, and Table 23 Supplemental Table 19 includes the number of trials represented along with the associated numbers of fish per trial. Supplemental Table 22 contains the output of the multinomial logistic regression model to assess the role of developmental day of exposure on the distribution of myelin phenotypes. Supplemental Table 23 contains the output of the multinomial logistic regression model for the influence of dose on the distribution of myelin phenotypes. Tg(mbp:EGFP-CAAX) fish were exposed to DomA over discrete developmental periods (1, 2 and 4 dpf), then imaged at 6 dpf (A) and 7 dpf (B) using widefield epifluorescence microscopy. Stacked bar plots show the distribution of the different phenotypes per each dose. Multiple trials were combined to calculate the % distribution per phenotype observed.
Figure supplement: Table 20, Table 21 , Table 23  Table 20 and 21 contains the number of trials and associated numbers of fish per trial for 6 dpf (Fig. 7A ) and 7 dpf injected fish (Fig. 7B) . Table 23 contains the output of the multinomial logistic regression model for the influence of dose on the distribution of myelin phenotypes. (A) Tg(mbp:EGFP-CAAX) was used to visualize labeled myelin sheaths. Larvae exposed to domoic acid had fewer labeled myelin sheaths compared to controls at the earliest time point myelin sheaths are detected (3 dpf). Furthermore, DomA-exposed larvae also had aberrant circular myelin membranes by 3 dpf (white arrows). (B) Stills from time-lapse imaging of Tg(nkx2.2a:mEGFP) x Tg(sox10:mRFP) from 2.5-3 dpf. Diagrams above the images show the key developmental processes in the oligodendrocyte lineage during this time period (control, n=5 and DomA, n=6). Yellow arrow denotes an elongated myelin sheath. White arrows denote unusual circular myelin membranes. Scale bar = 100 μm. (Fig. 8B) were from a time-lapse of control (Supp. video 2) and DomA exposed (Supp. video 3) Tg(nkx2.2:mEGFP) x Tg(sox10:mRFP) transgenic fish that were imaged from 2.5-3 dpf. (-) indicates that the gene was downregulated in DomA-exposed fish relative to controls.
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